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ABSTRACT
		
Hydroxyapatite (HA) and hexagonal boron nitride (hBN) are biocompatible 
materials. In this study, nano HA and nano hBN particles were used for coatings 
on titanium (Ti) substrate. The nanoparticles were deposited on Ti substrates 
by alternating current electrophoretic deposition (AC-EPD). Suspensions were 
consist of nano HA and also comprised of the various amount of nano hBN (0.0-
2.0-5.0-10.0 and 25.0 wt% by the percentage of hydroxyapatite). The coated 
samples were heat treated at 800 oC in Ar atmosphere for 2 hours. Sintered 
samples were characterized by XRD and SEM-EDS. Coating thickness was 
measured and adhesion tests (ASTM D3359–09-B) were performed. The 
results showed that nano HA and nano hBN composite coating with the AC-EPD 
method is homogeneous and crack free. It is determined that the amount of hBN 
in composite affects the adhesion behavior and the thickness of the coating.

1. Introduction

Hydroxyapatite is widely used as a biomaterial be-
cause of its good biocompatible, bioactive and chemi-
cally similar to inorganic compound of human skeleton 
system [1]. Its usage is restricted in the bone and 
teeth implants because of its poor mechanical proper-
ties under load bearing applications [2]. Metal based 
composites are developed to improve the mechani-
cal properties of HA and several coating techniques 
such as dip coating [3], plasma spray [4], biomimetic 
[5] and electrophoretic deposition [6] are used. Among 
these coating techniques, electrophoretic deposition 
(EPD) has some advantages compared with other 
techniques, such as simplicity in set up, low equip-
ment cost, the ability to coat complex shape, control of 
deposition thickness. Charged colloidal particles in a 
suspension are deposited onto an oppositely charged 
substrate via AC and/or DC field. While particles flow in 
one direction in DC, particles flow is constantly chang-
ing direction in AC from negative to positive vice versa 
[7-10]. Kolath et.al indicated that obtaining denser and 
uniform coating possible via AC-EPD(10). 

Hexagonal boron nitride (hBN) is an artificial material 
with the layered crystal structure that has biocompat-
ible and non-cytotoxic material for orthopedic applica-

tions [11-14]. In our previous work, hBN and HA were 
successfully deposited on Ti surface with uniform, 
crack-free coating by DC-EPD [15]. hBN improves the 
mechanical properties of HA [16,17] and recent stud-
ies, indicate that hBN-HA composites were used in the 
medical application and it was determined that it is the 
important contribution on bone tissue healing[18-21]. 
Ferah (2015) indicated that hBN containing coating 
decreases healing period, prevents infection and it can 
be utilized in the patient who has the risk of osteomy-
elitis[22].

Atilla et.al. demonstrated that the use of hBN in HA 
ceramic composite did not change the stability of the 
implant and increasing concentration of hBN in the 
composition did not cause a difference in serum boron 
level [23]. In this study, nano HA-nano hBN composite 
coatings on Ti substrate by AC-EPD were investigated.

 2. Materials and methods

Nano HA powder was provided by NANOTECH Ltd., 
Eskişehir-Turkey, while nano hBN powder was sup-
plied by BORTEK Inc., Eskişehir-Turkey. It was report-
ed our previous study that HA powder included in ~10% 
TCP phase and highly crystalline hBN is 98% pure and 
the average particle size is 120 nm [24]. Commercial 
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3. Results and discussion

Figure 2 shows the thickness of AC-HB 0.0 coated 
samples which was obtained under constant voltage 
15 Vpp and various time by the AC-EPD method. In 
order to obtain a good quality coating under 15 Vpp, 
the minimum necessary deposition time is 5 min (Fig-
ure 2). The thickness of AC-HB 0.0 coated samples is 
increasing with extended time, linearly. The thickness 
value reached up to ~45 µm when the deposition time 
was 20 min under 15 Vpp. The tendency of deposited 
thickness vs. time in AC-EPD for HA coatings was re-
ported [10, 26]. Kollath et al. declared that the thick-
ness of the HA coatings by AC-EPD was increased 
with extended time duration (100V-30 sec=5 micron 
and 100 V-60 sec=22 micron) [10]. Also, Chávez-Val-
dez et al. indicated that the deposition yields were in-
creased linearly with increasing deposition time (1, 3 
and 5 min) at each applied voltage (5V, 10V and 20V) 
[26]. This study showed that the linear growth was car-
ried out deposition time.

Figure 3 shows the thickness of AC-HB 0.0 coated 
samples which was obtained under 20 Vpp and 25 
Vpp by AC-EPD. The thickness of AC-HB 0.0 coated 
samples, at 20 Vpp increased linearly and at 25 Vpp 
increased parabolic up to 4 min and then the thick-
ness of the samples reached up to the constant val-
ue. Gardeshzadeh et. al. indicated that coated SnO2 
nanoparticles by AC-EPD and deposition yield was 
gained linearly in the  beginning of deposition (to 20 
min) at constant applied voltage but the rate of deposit 
yield were decreased with prolonged time [27]. The 
reason for this trend is formation of insulating layer of 
ceramic particles on the electrode surface [6,9,28,29]. 
The thickness of AC HB 0.0 for various voltages as 
seen Fig. 3 and Fig. 4 reaches up to the higher value 
with rising applied voltage for less deposition time. 

pure titanium sheet 30x10x1.5 mm dimensions were 
utilized as a substrate. Each substrate was polished 
using SiC papers, washed and ultrasonically cleaned. 

Composite suspensions were made of 1 wt. % nano 
HA and also comprised of various amount of nano 
hBN (0.0-2.0-5.0-10.0 and 25.0 wt.% nano hBN by the 
percentage of hydroxyapatite). Samples were coded 
as AC-HB 0.0, AC-HB 2.0, AC-HB 5.0, AC-HB 10.0 
and AC-HB 25.0 respectively. Before deposition, N, N–
dimethylformamide (10%v DMF-Merck) were added to 
provide strength and crack-proof improvement. The 
pH values of suspensions were adjusted to 4. 

The experimental set up was shown in Figure 1. Ti 
plates were used as working and counter electrodes. 
Experimental studies were conducted by forming the 
asymmetric wave pattern. 50 Hz using under AC (Key-
sight, DSO1072B 70 MHz Digital oscilloscope, Agilent 
33500B series Waveform generator, Agilent 33502A 
Amplifier) were utilized. The distance between the 
electrodes were 5 mm. AC-HB 0.0 samples were coat-
ed at 15 Vpp ( 5, 10 and 20 min), 20 Vpp (1,2,3,4 and 
5 min) and 25 Vpp (1,2,3,4 and 5 min) and the other 
samples were coated at 25 Vpp and 2 minutes. All the 
samples were heat treated in laboratory tube furnace 
at 800 oC for 2 h in argon atmosphere. 

Figure 1. Experimental setup.

The coating thickness of the samples was measured 
by EBAN 4000 coating thickness meter. The adhesion 
was classified according to ASTM D3359-09 cross-cut 
tape-test (B) [25]. X-Ray powder diffraction patterns 
were obtained with a Rigaku Rint 2000 X-ray diffrac-
tometer with Cu Kα radiation (λ=1.5418 Å), in the 2θ 
range of 20-80o with the scan speed of 2o/min. 

The amounts of the phases of all coated samples were 
analyzed by using JADE software and Maud program. 
The microstructure of deposit layers and adhesion 
test samples were investigated by means of scanning 
electron microscopy (SEM, ZEISS SUPRA 50VP) and 
the chemical analysis of microstructures was done 
with an Energy Dispersive Spectrometer (EDS-Oxford 
Instrument). 

 

 
 Figure 2. Coating thickness and adhesion classification of AC-HB 
0.0 samples versus deposition time at 15 Vpp.

There are several test methods to determine coat-
ing quality. The available standards are: ASTM C633 
and F1147 for tensile strength testing [30,31], ASTM 
D4501 and F1044 for shear strength testing [32,33] 
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and tape test (ASTM D3359 [34-36]. All samples were 
classified according to tape test standard (5B for 0% 
removal of coating, 4B for ˂ 5% removal, 3B for 5-10%, 
2B for 15-35%, 1B for 35-65% and 0B for˃65%). This 
observation leads to the conclusion that the adhesion 
classification of coatings for each AC-HB 0.0 samples 
(Fig. 2 and Fig. 3) decreases with the extended of time 
duration correspondingly with an increase coating 
thickness. As a result of this study, it is clear that there 
was an adhesion classification depending on the thick-
ness such as 5B˂~40 µm, 40 µm ˂4B˂45 µm, 45 µm 
˂3B˂50 µm, 50 µm ˂2B˂66 µm, 1B˃66 µm.

The effect of applied voltage on the thickness for AC-
HB 0.0 coated samples was examined at constant de-
position time (5 min) (Figure 4). Increasing of applied 
voltage escalated the thickness linearly. It can be ex-
plained with Hamaker equation (Eq.1) [28].

all coatings, particle mobility can be considered con-
stant. Moreover, the electric field is constant between 
the electrodes, so the relation between m and E is 
linear. When the distance between the electrodes is 
constant, the electric field intensity only varies with the 
voltage of electric field. Therefore, the voltage can be 
used instead of the electric field intensity. Considered 
Eq. 4 and voltage effect on the thickness, the relation 
between them can be defined linearly. 

It can be estimated that desired adhesion classifica-
tion is controlled by the coating thickness in complying 
with various voltage-time combinations.  

Figure 3. Coating thickness and adhesion classification of AC-HB 
0.0 samples versus deposition time at 20 Vpp and 25 Vpp.

According to the equation, relation between the de-
posit weight, m (g) and electric field intensity/strength, 
E (V cm-1) is:

m= Csµ SE t	      (1)

Where µ (cm2 s-1 V-1) is electrophoretic mobility, S 
(cm2) is the surface area of the electrode, Cs (g cm-3) 
is the concentration of the suspension and t (s) is time.

The Eq. 2 can be used instead of deposited mass [28],

m= SCd		      (2)

Combining Eq. 1 and 2 gives:

δ = (Cs/Cd ) µE t	     (3)

When (Cs/Cd) considered constant value therefore Eq. 
3 is expressed by

δ = µE t		      (4)

According to Eq. 4, thickness depends on particle 
mobility, time and the applied electric field. In our ex-
periments, AC-EPD were performed at 5 min and var-
ies voltages. Due to using the same suspension for 

Figure 4. Coating thickness of AC-HB 0.0 samples versus applied 
voltage (deposition time: 5 minutes).

AC-HB 0.0 coated samples were done at 25 Vpp for 
2 min and classified as 3B. Using this data, various 
amount of hBN in samples were investigated to obtain 
how the effect on coating thickness and adhesion. All 
composite coatings were performed at 25 Vpp for 2 
min by AC-EPD and compared with AC-HB 0.0 coated 
by the same conditions.

It is observed that all samples are uniform and crack 
free at 25 Vpp and 2min. The XRD pattern of sin-
tered composite coating samples is shown in Figure 
5. Phase analysis revealed that all major peaks of 
HA (JCPDS PDF No: 009-0432) were present for all 
the samples. hBN (JCPDS PDF No: 034-421), β-TCP 
(JCPDS PDF No: 009-0169), TiO2 (Rutile, JCPDS 
PDF No: 021-1276) and Ti (JCPDS PDF No: 044-
1294) phases are detected. Beta TCP phase comes 
from raw nano HA powder. Rutile phase is formed as 
an interface phase between the substrate and coating 
during sintering. Kollath et. al. also observed the rutile 
phase as an interphase between HA and Ti substrate 
in the XRD spectrum of HA coatings by AC-EPD and 
DC-EPD after sintering at 900oC for 2 hours in high 
purity argon atmosphere [10]. Moreover, forming metal 
oxide phase between HA and Ti substrate for produc-
ing HA coatings by DC-EPD during sintering was ob-
served other investigators [37,38].

The phase analysis results of nano HA and nano hBN 
phases in AC-HB 5.0, AC-HB 10.0 and AC-HB 25.0 
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samples at 25 Vpp for 2 min are given Table 1. The 
calculations are in accordance with the amount of hBN 
in prepared suspensions but the amount of hBN in de-
position is slightly higher. The error in this calculation 
is expected from mathematical calculations during Ri-
etveld Analysis.

lently to the Ti substrate. The peeling of the coating 
from the surface (less than 5%) was observed in the 
sample AC-HB 5.0 and AC-HB 10.0 and classified to 
category 4B. Figure 7 shows the microstructure of 
composite coatings after tape tests. The crosshatch 
patterns on samples are seen Figure 7 a, c, e, g and 
I. The microstructures between crosshatch lines are 
shown Figure 7 b, d, f, h and j. These results are com-
ply with our assumption.

It was determined boron and nitrogen peaks beside 
Ca, P and O peaks on AC-HB 10.0 (Figure 8) and AC-
HB 25.0 (Figure 9) after tape tests. In order to deter-
mine where boron and nitrogen is located in the mi-
crostructure, AC-HB 10.0 (Figure 10) and AC-HB 25.0 
coated samples (Figure 11) were analyzed by elemen-
tal mapping. The elemental mapping analysis of each 
sample showed that boron and nitrogen distributed on 
the coating surfaces are uniform.

(%) AC-HB 5.0 AC-HB 10.0 AC-HB 25.0 

HA 94.61 87.63 73.00 

hBN 5.38 12.36 27.00 

 

Table 1. Rietveld analysis results for calculated percentage of the 
phases present in samples.

The coating thickness and the adhesion classification 
of samples are shown in Figure 6. The coating thick-
ness decreases with increasing hBN content. It might 
be that there are two reasons for thickness decreasing. 
The first reason might be related to decreasing particle 
mobility in the suspensions. The second reason might 
be about two different particle size distribution in sus-
pension, and this cause different oscillating-migration 
behavior under AC-EPD. Therefore, the deposition is 
the more closed packed structure [10].

After the application of tape-test, coating damage of 
the samples are classified as 3B for AC-HB 0.0 and 
AC-HB 2.0, 4B for AC-HB 5.0 and AC-HB 10.0 and 5B 
for AC-HB 25.0 at 25 Vpp for 2 min (Figure 6). Tape 
test samples give more objective results about the ad-
hesion of the coating formed by EPD. These results 
are comply with our assumption. AC-HB25.0 coded 
samples were good and classified to category 5B ac-
cording to ASTM standards. The 5B ranking suggests 
that the HA-hBN nanoparticles coating adhere excel-

Figure 5. X-ray diffraction patterns of HA-hBN composite samples (+: hBN, ●: Rutile (TiO2), ▼: β-TCP, *: Ti).

Figure 6. The coating thickness and classification adhesion vs HA-
hBN composite samples.
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Figure 7. SEM images of HA-hBN composite samples, a, b) AC-HB 0.0; c, d) AC-HB 2.0; e, f) AC-HB 5.0; g, h) AC-HB 10.0; i, j) AC-HB 25.0.
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Figure 8. SEM-EDX analysis of AC-HB 10.0 sample.

Figure 9. SEM-EDX analysis of AC-HB 25.0 sample.
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4. Conclusions

In this study, obtained the nano HA-nano hBN compos-
ite coating by AC-EPD method are homogeneous and 
crack free. The results indicate that the coating thick-
ness are required less deposition time with rising ap-
plied voltage and also adhesion classification value is 
decreased with increasing coating thickness. Increas-
ing hBN amount in the composite coating provides 
less thin coating. It is determined that the amount of 
hBN in composite affects the thickness of coating and 
adhesion is rising with increasing hBN amount. 
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